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ABSTRACT

Author: Villarreal, Terry, A. PhD
Institution: Purdue University
Degree Received: August 2018
Title: Modulating Wettability of Layered Materials by Controlling Headgroup Dynamics
and Alkyl Chain Conformations
Committee Chair: Dr. Shelley Claridge

Evolution to the next generation of organic photovoltaics and computer processors
requires the capability to pattern organic and inorganic materials consistently at interfaces
with feature sizes as small as 5-7 nm. A particular challenge is to generate interfaces that
display chemical patterns consisting of two or more very different constituents at such
scales. Biology routinely orders orthogonal chemical patterns at this scale, as is observed
in the structure of the cellular membrane. Phospholipids have also been observed to form
repeating striped phases on layered materials, e.g. graphene, molybdenum disulfide (MoS2),
and highly oriented pyrolytic graphite (HOPG).
Research performed in the Claridge lab has shown that modifications of the lipid
structure can impact how these monolayer films interact with the environment. Starting
with 10,12-pentacosadiynoic acid as an initial template, a family of fatty acids and
phospholipids were synthesized, then their behavior characterized. Using a combination of
contact angle titrations and molecular dynamics simulations, we demonstrated that
headgroup dynamics and tail‒substrate interactions can be altered by changing the position
of the internal diyne or the length of the fatty acid, thereby modulating wettability of the
2D material. Molecules with short chain segments proximal to the carboxylic acid head
undergo significant dynamics after polymerization, allowing the headgroups to interact
more readily with solvents and increasing hydrophilicity. For specific terminal alkyl
segment lengths, we instead observed a decrease in hydrophilicity of the monolayer postpolymerization, suggesting chain-length specific differences in the polymerization.
Together, these observations enable us to selectively control the surface chemistry of the
2D material to create desired interactions with the environment.

xi
The final section of this research focused on modifying diyne phospholipid
headgroups, for instance to attach a catechol moiety, which then can interact with inorganic
species to form ordered arrays of inorganic nanocrystals at the interface.
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ANOMALOUS WETTING OF NONCOVALENTLY
FUNCTIONALIZED 2D MATERIALS BASED ON
POLYMERIZATION-INDUCED CONFORMATIONAL
CHANGES

1.1

Introduction
Patterning at the 5nm scale is important in a surprising amount of current research

in the materials field. Two examples of this include the development of next generation
consumer nanoelectronics and organic photovoltaics (OPVs). In nanoelectronics, most of
the current semiconductors in cell phones and laptops are patterned at the 14-nm scale
(Figure 1a).1, 2 Reaching upcoming manufacturing targets in the fabrication of these
materials requires development of a strategy to pattern at the sub-10-nm scale. Similarly,
in the design and fabrication of next generation OPV’s, the ability to increase exciton
separation efficiency is of vital importance. When an exciton is created, it can only
diffuse a limited distance (approximately 10 nm), before collapsing back into the ground
state.3, 4 In commonly used bulk heterojunction devices (Figure 2)5, the n- and p-type
regions frequently have variable morphologies with dimensions substantially >10 nm.
Thus, there are many regions where the exciton can be formed too far from a
heterojunction to achieve charge separation. Optimized separation efficiency could in
principle be achieved using architectures like the idealized OPV in Figure 1b, illustrating
sub-10-nm domains of the p- and n-type materials.

Figure 1.1. 1a Nanoelectronics circuitry. 1.1b Idealized OPV device. Adapted
withpermission from Reference 1.1
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Figure 1.2 Typical bulk heterojunction OPV morphology. Adapted with permission from
reference 4.

As a starting point for designing templates at the sub 10 nm scale, we look to biology
for inspiration. For instance, the cross-section of cellular membrane is approximately 6
nm.6 Thus, we began examining lipid structure as a starting point for templating interfaces
at the 5‒7 nm scale. In biology, cells produce a wide variety of lipids, with the most
common variation classified as a glycerophospholipid. The general structure of a
glycerophospholipid consists of two alkyl tails of varying length and saturation, which are
attached to a glycerol moiety via ester linkages. The glycerol is in turn connected to a
phosphate

headgroup.

Two

common

examples

are

phosphocholine

and

phosphoethanolamine (Figure 3a), which at physiological pH are zwitterionic: the
phosphate is negatively charged, while the terminal amine is positively charged. The
difference in polarity between the alkyl tails and charged headgroup causes
glycerophospholipids to be amphiphilic, leading to self-ordering. In the cross section of a
cellular membrane, (Figure 3b) nonpolar tails point towards the membrane interior while
the headgroups point into the aqueous cellular environment.6

3

Figure 1.3 A diyne PE & diyne PC 1.3b A cross section of the lipid bilayer. Adapted
with permission from reference 7.7

It has been well established in the literature that long chain alkanes form ordered lying
down phases on layered materials, such as graphene, molybdenum disulfide (MoS2), or
highly oriented pyrolytic graphite (HOPG).8-10 These monolayers are ordered by the
epitaxy between the alky chains and the hexagonal graphite lattice, which is based on the
C-C-C distance in the carbon chain, 2.56 Å, and the distance between the hexagonal lattice
centers, 2.46 Å (Figure 4a).9

Figure 1.4 1.4a Measured C-C-C distance between carbons in the alkane and carbons in
the graphite lattice. 1.4b A typical lamellar pattern formed when an alkynoic acid is
deposited on a layered material, e.g. HOPG. Adapted with permission from reference 7.7

4
Lamellar features formed on the surface are dependent on the length of the
alkanes used. In lamellar phases of functional alkanes (e.g. -OH, -SH, and -COOH), the
headgroups can affect how the individual alkanes order in a monolayer structure. For
instance, the presence of a COOH headgroup allows hydrogen bonds to form between
opposing headgroups along the lamellar center to help stabilize the monolayer (Figure
5).11, 12

Figure 1.5 How headgroups on alkanes can affect ordering on the surface. Adapted with
permission from reference 7.7

This opens the ability to modify the molecules used to change physical and chemical
properties of the monolayer, such as monolayer stability, ordering, and hydrophobicity.
In previously studied self-assembled monolayers, one common assembly strategy was
the modification of a gold substrate by the attachment of an organosulfur molecule via a
thiol‒gold bond.13-16 Under these conditions, the alkanes assembled in what can be
considered a standing phase (Figure 6), where only the terminal ends of the assembled
molecules interact with materials exposed to the surface of the monolayer.

5

Figure 1.6 Idealized standing phase vs. a lying down phase. Adapter with permission
from reference 7.7

Standing phase monolayers are reasonably resistant to environmental conditions,
as they are covalently linked to the substrate. This contrasts with lying down striped
monolayers formed by functional alkanes, which adsorb to the substrate through relatively
weak van der Waals interactions and are further stabilized by intermolecular forces
between adjacent functionalized alkanes.17, 18 Although adsorption is weaker in lying down
phases in comparison with standing phases, both the heads and tails of the molecule can
interact with the environment and the substrate.
If an alkanoic acid is functionalized by the addition of an internal diyne (Figure 7),
then molecules in a monolayer on a substrate can be polymerized by either tunneling
electrons in a scanning tunneling microscope instrument (STM), or photopolymerized by
irradiation in the UV region.19, 20
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Figure 1.7 1.7a 10,12-PCDA, a diynoic acid 1.7b. The formation of the ene-yne polymer
backbone. Adapted with permission from reference 7.7

This will form a conjugated ene-yne polymer backbone throughout the monolayer.
This assembly strategy has been previous utilized by Aono and others as a means of
forming a molecular wire due to the electronic delocalization along the polymer
backbone.21-23 The polymer backbone enhances the overall robustness of the monolayer as
now the molecules on the surface are now polymerized which leads to an increase in the
adsorption strength. In the process of forming the ene-yne polymer, the deposited diynoic
acids now adopt a raised backbone structure that lifts the ene-yne and adjacent carbons
approximately 1.4 Å above the substrate (Figure 8).24
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Figure 1.8 The raised backbone conformation of the ene-yne polymer backbone.
Adapted with permission from reference 24.24

Molecules adsorbed on a substrate can exhibit differences in chemical behavior in
comparison with the same molecules in solution. One example, demonstrated by
Whitesides and coworkers,13, 15, 25 is a change in the ionization properties of functional
groups in standing phase monolayers. Our group has found that this is also true for
functional groups in noncovalently adsorbed lying down phases due to limited stabilization
of charged groups by nonpolar alkyl chains in the monolayer interior. For instance, in
solution, the pK1/2 of a carboxylic acid in an aqueous environment would be expected to
be 5. When deposited onto an HOPG substrate as part of a monolayer of 10,12pentacosadiynoic acid (10,12-PCDA), the pK1/2 shifts nearly 5 units, to a value of 10. This
can be rationalized by the inability of the nonpolar graphite surface to stabilize the ionic
carboxylate form of the terminal functional group. One method of testing this is the use of
contact angle titrations. In a contact angle titration, a series of buffered droplets (here, with
pH values 2-13) are deposited onto a monolayer that has been deposited onto an HOPG
substrate and then photopolymerized. An advancing angle is measured as the droplet is
applied to the solid surface and the receding contact angle is measured as the droplet is
removed, just prior to the solvent front receding along the substrate. Previous work
performed in the Claridge lab demonstrated this with four separate molecules; pentacosane,
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10,12-pentacosadiynoic acid, diyne phosphoethanolamine (diyne PE), and diyne
phosphocholine (diyne PC); results are shown in Figure 1.9.7

Figure 1.9 Contact angle titration curves for pentacosane, 10,12-PCDA, diyne PE, and
diyne PC. Adapted with permission from reference 7.7
As expected, there is no shift in either the advancing or receding contact angles for all
pH values for pentacosane, a twenty-five-carbon long chain with no ionizable functional
group. When the experiment was repeated with 10,12-pentacosadiynoic acid, a molecule
with the same alkyl chain length but with a terminal carboxylic acid functional group, there
is decrease in the advancing angle even at a low pH where the functional group is expected
to be protonated and thus neutral. This change can be explained by the presence of a polar
functional group, the carboxylic acid, which increases the hydrophilicity of the surface.
There is then then a further decrease as more basic buffers are applied, which should
deprotonate the carboxylic acid and form the carboxylate. In addition, there is also a
difference between the advancing and receding contact angles; this difference, known as
contact angle hysteresis, is commonly associated with heterogenous surfaces. This result
is expected given the difference between the chemistries of the polar head groups and
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nonpolar alkyl tails. The measured pK1/2 based on the receding angle is approximately 9.5;
this shift is again approximately 5 units,7 similar to that for PCDA.
When this experiment is performed on monolayers of diyne PE and diyne PC
(Figure 9), there is a similar shift in the pK1/2 for the phosphate group, from a solution value
of 1 to a value of 6 as part of the monolayer. A small increase in the receding contact angle
between 11 and 12 is associated with the primary amine in the terminal position of the
diyne PE. This suggests that the amine is located far enough from the substrate to minimize
influence by the nonpolar graphite surface.
Since it has been observed that surface wetting properties can shift substantially
based on the locations of ionizable functional groups, both in relation to their position in
the molecule and their positions in relation to the substrate, a research approach based on
structural changes, such as the length of the molecule and the addition or removal of
functional groups, enables development of a systematic relationship between monolayer
structure and surface wettability and assembly properties. In this dissertation, the work will
focus on how the structural architecture can be modified by synthetic reactions and in turn
how those changes can affect the chemical properties of the monolayers formed when these
molecules are adsorbed on nonpolar substrates, such as HOPG.
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MODULATING WETTABILITY OF LAYERED
MATERIALS BY CONTROLLING LIGAND POLAR
HEADGROUP DYNAMICS

2.1

Abstract
Integrating functionalized 2D materials into multilayer device architectures

increasingly requires understanding the behavior of noncovalently adsorbed ligands during
solution processing. Here, we demonstrate that the headgroup dynamics of polymerized
monolayers of functional alkanes can be controlled to modify surface wetting and
environmental interactions. We find that headgroup dynamics are sensitive to the position
of the polymerizable diyne group; thus, the polymerization process, typically used to
stabilize the noncovalent monolayer, can also be used to selectively destabilize
chain−chain interactions near the headgroups, making the headgroups more solventaccessible and increasing surface hydrophilicity. Conversely, interactions with divalent
ions can be used to tether headgroups in-plane, decreasing surface hydrophilicity. Together,
these results suggest a strategy for the rational design of 2D chemical interfaces in which
the polymerization step reconfigures the monolayer to promote the desired environmental
interactions.

2.2

Introduction
While the unusual electronic and mechanical properties of graphene promise

substantial benefits to the design of nanoscale device architectures and hybrid materials,
processing control remains a substantial barrier in many applications.1−9 Significant
challenges arise from the concurrent need to control both the electronic properties of the
2D layer and environmental interactions. Here, we demonstrate that nominally 2D “lying
down” phases of diynoic acids commonly used in noncovalent functionalization exhibit
headgroup dynamics when exposed to polar solvents. We find that headgroup dynamics
can be modulated by the position of the polymerizable diyne within the chain, as well as
through interactions with species in solution, providing significant control over wettability
and environmental interactions of 2D materials.

13
Long-chain diynoic acids, such as 10,12-pentacosadiynoic acid (10,12-PCDA,
Figure 1), have a number of structural features that contribute to their utility in noncovalent
functionalization. Epitaxy between the alkyl chain and the substrate lattice promotes
assembly of ordered lamellar phases10 on highly ordered pyrolytic graphite11 (HOPG) and
other layered materials.12 Adjacent molecular rows adopt a head-to-head orientation,
forming hydrogen-bonded carboxylic acid dimers between rows that increase monolayer
stability (Figure 1a, top). Ordered diynes undergo topochemical photopolymerization when
exposed to UV radiation,13,14 forming a conjugated ene−yne polymer backbone that
connects molecules along the lamellar axis (Figure 1a, middle). A substantial body of work
has explored the use of the conjugated ene−yne as a molecular wire;15−17 the use of the of
the headgroups for interfacial chemical patterning has also been examined.18,19

Figure 2.1 Illustration of noncovalent functionalization, using monolayers of polymerized
diynoic acids (a) 10,12-PCDA and (b) 4,6-PCDA, and its impact on interfacial
wettability.
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Polymerization also increases the stability of ene−yne monolayers toward removal
or exchange of solvent,4,20,21 suggesting utility in controlling 2D material surface chemistry
during solution processing. Recently, we have demonstrated that HOPG functionalized
with polymerized lying-down monolayers of 10,12-PCDA (poly-10,12-PCDA) exhibits
sur-face wettability that titrates with ionization of the carboxylic acid headgroups.4
Because the carboxylic acids are situated directly adjacent to the relatively nonpolar HOPG
substrate, ionization is somewhat restricted, with a pK1/2 of ∼9.5 for poly-10,12-PCDA
assembled in the monolayer, in comparison with a pKa ∼ 4.7 for acetic acid in dilute
aqueous solution.4 Substantial diﬀerences in ionization behavior were associated with
positioning the functional group even a few angstroms away from the nonpolar graphite
interface, using a polymerizable phospholipid scaﬀold. Thus, conformational dynamics in
noncovalent monolayers are likely to have substantial impacts on the chemistry of the
interface.
In the context of understanding monolayer behavior during solution processing, these
observations raise two important questions related to the noncovalent molecule−substrate
interaction:
First, what is the structure of the noncovalently adsorbed monolayer as it interacts
with a polar solvent (Figure 1, bottom), particularly at pH > pK1/2? In the absence of polar
solvents, carboxylic acids form strong hydrogen-bonded dimer structures, tethering the
functional groups in the plane of the monolayer. However, ionization of more than half of
the carboxylic acids in the monolayer requires ionizing facing carboxylic acid groups that
dimerize when neutral, creating local charge densities as great as 4e/nm2 if the headgroups
remain in-plane. Because the alkyl chains are not covalently bound to the substrate, this
suggests the possibility of substantial conformational dynamics in the monolayer reducing
Coulombic repulsion between charged headgroups. Although COOH dimers are typically
fairly strong (e.g., ∼15 kcal/mol for formic acid dimers),22 it is also possible that headgroup
dynamics play a significant role in wetting at lower pH values in cases in which
polymerization produces headgroup alignments that are not conducive to hydrogen
bonding.
A second question regards control: is it possible to design noncovalent monolayers
in which headgroup dynamics are either emphasized (for instance by weakening
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molecule−molecule interactions) or modulated through interactions with binding partners
in the environment? Such capabilities would add important new functionality to monolayer
chemistries commonly utilized in noncovalent functionalization of 2D materials.
Useful lessons may be learned in this regard from the cell membrane, which must
also precisely tailor a hydrophobic− hydrophilic interface of central biological importance.
In the membrane, flexible, dynamic behaviors are produced in response to external stimuli,
frequently based on noncovalent assembly motifs,23, 24 with structural similarities to those
utilized here. For instance, one common class of membrane integrative motifs involves
“snorkeling” of basic amino acids such as lysine and arginine, which have side chains
comprising a flexible alkyl chain and a charged terminal functional group.25 The flexible
positioning conferred by the alkyl chain enables the basic functional group to snorkel from
the nonpolar membrane interior into the polar periphery. There, it docks with negatively
charged phosphate groups, anchoring hydrophobic segments of the peptide into the bilayer
with striking spatial precision. This motif has been observed in apolipoproteins,24,26,27 the
Sec61 translocon,28 and transmembrane integrins.29
Here, we demonstrate control over analogous dynamics in lying-down monolayers
of polymerizable amphiphiles, on the basis of the position of the diyne functionality. In
contrast with commonly used commercially available diynoic acids, in which the internal
diyne is positioned centrally, monolayers with diynes positioned close to the carboxylic
acid headgroup (creating an alkyl segment similar in length to a lysine side chain) exhibit
wetting behavior consistent with a much higher degree of headgroup dynamics across the
tested pH range. Conversely, divalent cations that form complexes with carboxylates
decrease headgroup dynamics. Flexibility arising from the noncovalent interface structure
promises the ability to tailor interfacial wetting and to localize interactions with the
environment at extremely short length scales (<10 nm) relevant to emerging challenges in
fabrication of nanoscale device architectures.

2.3

Results and discussions
Molecular dynamics simulations of relationship between diyne position and

headgroup dynamics. Energy minimization and molecular dynamics simulations (Figure 2)
were used to predict behavior of lying-down monolayers with diﬀerences in the position
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of the polymer backbone. Figure 2 compares the behavior of poly-10,12-PCDA (in which
the polymer backbone is located near the midpoint of the alkyl chain) with that of poly4,6-PCDA (in which the polymer is positioned near the headgroups). Structures were
minimized with explicit water molecules near the headgroups, to simulate surface
conditions under ambient atmosphere. Prior to polymerization, monolayers of 4,6-PCDA
and 10,12-PCDA both exhibit extensive interlamellar hydrogen bonding, with the average
distance between terminal carbons slightly greater for 4,6-PCDA (4.3 ± 0.2 Å) than for
10,12-PCDA (3.9 ± 0.1 Å), consistent with the reduced ordering of the short proximal chain
segments. After polymerization, the average distance between terminal carbons increases
to 6.8 ± 0.7 Å for 4,6-PCDA; for 10,12-PCDA, two approximately equal populations exist,
with average distances of 4.0 ± 0.2 Å (termini that retain hydrogen bonding) and 6.2 ± 0.5
Å (termini that do not).
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Figure 2.2 Minimized molecular models of (a) poly-10,12-PCDA and (b) poly-4,6-PCDA
illustrating differences in headgroup positioning after polymerization. Structures of
oligomerizing (c) 10,12-PCDA and (d) 4,6-PCDA illustrating differences in chain-chain
interactions based on segment length. (e) Molecular model of poly-4,6-PCDA
headgroups after dynamics simulations in explicit water
This diﬀerence can be rationalized by considering the conformational change that
must occur along each lamella as the diyne rehybridizes to form the ene−yne (Figure 2c,d).
Formation of either the raised backbone structure commonly attributed to 10,12-PCDA or
the energetically similar in-plane polymer backbone decreases the head-to-tail distance.
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Thus, either the proximal or terminal chain segment (or both) must shift relative to the
substrate lattice.
Here, diﬀerences in the proximal and terminal chain lengths determine whether the
terminal section shifts (retaining COOH headgroup interactions between rows) or the
proximal segment shifts (breaking inter-row dimers and forming catenated hydrogen bonds
along the lamellar row). In the unpolymerized monolayer, proximal and terminal chain
segment interactions are estimated using the following values: CH2···π (125 meV),30
CH2···CH2 (63 meV),30 and COOH···COOH (625 meV, based on formic acid dimer).22
This estimation yields similar segmental interaction values for 10,12-PCDA
[Eprox(10,12-PCDA) = 2.1 eV, Eterm(10,12-PCDA) = 2.3 eV], consistent with the two
classes of end group motion observed in the minimized models. Conversely for 4,6-PCDA,
terminal segment interactions are substantially stronger than those of the proximal segment
[Eprox(4,6-PCDA) = 1.0 eV, Eterm(4,6-PCDA) = 3.4 eV], consistent with the modeled
proximal segment motion.
Molecular dynamics simulations in a full multilayer of explicit water (Figure 2e),
similar to the surface environment during contact angle measurements, show the impact of
reduced chain and headgroup ordering on poly-4,6-PCDA interactions with solvent. In the
side view of the monolayer shown, the first and second carbons in several of the alkyl
chains are elevated above the HOPG surface. This orientational change, in combination
with the lack of appropriately positioned COOH dimerization partners, would be expected
to increase surface hydrophilicity relative to monolayers of poly-10,12-PCDA, which
retain signiﬁcant interlamellar headgroup interactions.
Molecular dynamics simulations of poly-4,6- and poly-10,12- PCDA monolayers
in which all termini have been ionized to carboxylates reveal similar distributions of
headgroup positions when dynamics are simulated in explicit water (Figure 3a); this
similarity suggests the likelihood of comparable contact angles for the two monolayer
chemistries at pH values high enough to ionize the majority of the headgroups. Graphs in
Figure 3 show the positions of carboxylic acid carbons, with the zero point of the X axis
taken to be the midpoint of the headgroup rows (e.g., midway between the dashed yellow
lines in Figure 2a,b) and the Z coordinate taken to be the height above the HOPG basal
plane, similar to the view shown in Figure 2e. Dynamics calculated in vacuum (Figure 3b)
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illustrates the restricted range of motion for poly-4,6-PCDA headgroups (yellow circles)
in comparison with poly-10,12-PCDA (blue squares). While headgroup motion this
extensive is unlikely when the surface is solvated, it gives insight into the greater variability
in dynamics possible for 10,12-PCDA headgroups under a receding solvent front, relevant
in interpreting receding contact angle measurements.

Figure 2.3 Calculated positions of carboxylic acid carbons in poly-4,6-PCDA and poly10,12-PCDA monolayers after molecular dynamics with headgroups ionized to
carboxylates in (a) explicit H2O or (b) vacuum.
Synthesis of 4,6-Pentacosadiynoic Acid (4,6-PCDA). To test the eﬀects of
proximal chain length on wetting properties experimentally, 4,6-PCDA was prepared by
coupling

a

terminal

iodoalkyne

to

an

ω-alkynyl

carboxylic

acid

under

Cadiot−Chodkiewicz31 cross-coupling conditions (Scheme 1). Synthetic protocols are
described in detail in the Experimental Section.

Scheme 2.1
Contact Angle Titrations of Diynoic Acid Monolayers on HOPG. Diynoic acids
were assembled on HOPG via Langmuir−Schaefer transfer,32 utilizing conditions
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demonstrated previously to result in formation of well-ordered lying-down monolayers.4
Monolayers were polymerized by UV irradiation and imaged by atomic force microscopy
to confirm coverage. Wetting properties of the interfaces were characterized by utilizing
contact angle titrations. If the chains in monolayers of both monomeric and polymerized
10,12-PCDA and 4,6-PCDA were oriented in true lying-down phases, with alkyl chains
parallel to the surface resulting in similar headgroup alignment, then the Young− Dupré
equation33 would predict similar contact angles for the monolayers. That is, the fractions
of the surface occupied by alkyl chains (falkyl) and carboxylic acid groups (f COOH) and the
contact angles of the alkyl chains (θalkyl) and the carboxylic acid stripes (θCOOH) should be
similar, producing comparable values of θ10,12‑PCDA, θ4,6‑PCDA, θpoly‑10,12‑PCDA, and
θpoly‑4,6‑PCDA:
(1 + cos θPCDA)2 = falkyl (1 + cos θalkyl)2 + fCOOH

Eq. 2.1

(1 + cos θCOOH)2

Eq 2.2

However, experimentally we observe diﬀerences in wetting behavior based on both
diyne position and polymerization state, consistent with the molecular models above.
Unpolymerized models suggested slightly weaker interlamellar head-group interactions for
4,6-PCDA compared with 10,12-PCDA. Experimentally, advancing contact angles for
unpolymerized 4,6-PCDA (Figure 4 left, open gold squares) are ∼2° lower than those for
10,12-PCDA (open blue squares). These values would be consistent with 4,6-PCDA
headgroups experiencing slightly increased interactions with the solvent due to weaker
interlamellar interactions.
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Figure 2.4 Contact angle titration curves for HOPG surfaces functionalized with
unpolymerized 4,6-PCDA (open gold symbols), polymerized 4,6-PCDA (closed gold
symbols), unpolymerized 10,12- PCDA (open blue symbols), and polymerized 10,12PCDA (closed blue symbols). Squares indicate data for advancing angle measurements;
circles indicate date for receding angles.
Polymerization was predicted to partially disrupt inter-lamellar headgroup
interactions for 10,12-PCDA and to completely disrupt interactions for 4,6-PCDA.
Experimentally, we observe a 4° decrease in advancing angles for 10,12-PCDA upon
polymerization (filled blue squares) and an 8° decrease for poly-4,6-PCDA (filled gold
squares), in the low pH range, in which headgroups are predominantly neutral. At high pH
values, at which Coulombic interactions between ionized headgroups become significant,
contact angles become more similar for the two molecules, consistent with the distributions
of headgroup positions predicted in Figure 3a. Although both molecules exhibit high solidstate polymerization eﬃciencies, 4,6-PCDA is somewhat more reactive, so a higher
polymerization yield may also contribute to the decrease in advancing contact angle. Direct
yield comparisons are complicated by the headgroup disordering and in-plane polymer
backbone of 4,6-PCDA, which impede characterization by STM.
Measuring receding contact angles introduces additional forces at the interface, as
the receding solvent front breaks intermolecular contacts with the surface. Polymerization
of 10,12-PCDA induces a decrease (∼5°) in receding angles (open and closed blue circles)
at low pH, similar to the observed decrease in advancing angles. In contrast, receding
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angles for 4,6-PCDA change very little with polymerization (open and closed gold circles).
We interpret this to mean that interlamellar headgroup interactions for unpolymerized 4,6PCDA are already suﬃciently weak that the headgroups undergo dynamics in response to
the receding solvent front.
Sigmoidal curve fits for the two molecules also indicate diﬀerences in the ionization
midpoint of the two molecules, with pK1/2(poly-4,6-PCDA) = 8.3 being substantially lower
than pK1/2(poly-10,12-PCDA) = 9.9. Disordering and greater solvent accessibility are
consistent with ionization of the headgroups at lower pH values for poly-4,6-PCDA, as
some groups project into the polar solvent environment.
Variability in the contact angle measurements is also consistent with a model in
which headgroup dynamics are influenced by the chain length proximal to the headgroup.
While the standard deviation in the contact angle measurements is similar in the low pH
range (2°−4°) for poly-4,6-PCDA and poly-10,12-PCDA, the standard deviation in contact
angles rises to nearly 10° for poly-10,12-PCDA at high pH values, suggesting a much
greater range of headgroup dynamics for ionized (vs neutral) poly-10,12-PCDA
headgroups. In contrast, the standard deviation for poly-4,6-PCDA remains similar across
the pH range, consistent with headgroups that exhibit similar dynamics regardless of their
ionization state. Again, these observations are congruent with the diﬀerences in the ranges
of allowed headgroup motion illustrated in Figure 3b.
Divalent Cations Forming Dicarboxylate−Metal Complexes. Divalent cations can
form complexes with pairs of carboxylate ions. In the lying-down phases examined here,
complexation should reduce headgroup dynamics, resulting in higher contact angles,
particularly at high pH. Previous work has indicated that the strength of such complexes
can vary by up to an order of magnitude (from ∼17 kJ/mol for Cd2+ to 249 kJ/mol for Ca2+),
with trends in complex strength that are not dependent on ionic radius [i.e., smaller ions do
not necessarily produce stronger complexes: r(Cd2+) = 0.95 Å vs r(Ca2+) = 1.00 Å].34
Figure 5 shows advancing and receding contact angle titrations for a series of
buﬀers with or without the addition of 1 mM divalent metal chlorides (CaCl2 or MgCl2).
Divalent ions have the overall impact of increasing contact angles, consistent with metal
dicarboxylate complexes tethering pairs of headgroups in the plane of the monolayer and
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restricting dynamics. This eﬀect is more pronounced for poly-4,6-PCDA monolayers, in
which the headgroups are otherwise more accessible to solvent.

Figure 2.5 Contact angle titration data and sigmoidal curve fits for poly-10,12-PCDA and
poly-4,6-PCDA in pH buffers containing mono-valent cations (dark blue symbols) and
the same buffers with the addition of 1mM Ca2+ (light blue symbols) or Mg2+ (gold
symbols). Squares indicate date for advancing angle measurements; circles indicate data
for receding angles.
Similarly, Figure 6 shows that standard deviations in contact angle measurement
decrease substantially for poly-10,12-PCDA with the addition of divalent ions. This would
be consistent with a reduction in headgroup dynamics for the complexes in comparison
with individual (particularly ionized) poly-10,12-PCDA headgroups. Overall, the standard
deviations in contact angles for poly-4,6-PCDA are still smaller than those for poly-10,12PCDA, consistent with the more limited range of headgroup motion.
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Figure 2.6 Standard deviations in advancing and receding contact angles for poly-10,12PCDA and poly-4,6-PCDA in pH buﬀers containing monovalent cations (dark blue
symbols) and the same buﬀers with the addition of 1 mM Ca2+ (light blue symbols) or
Mg2+ (gold symbols). Squares indicate data for advancing angle measurements; circles
indicate data for receding angles.
2.4

Conclusions
The Young−Dupré model for wettability of surfaces with nanoscale chemical

heterogeneity predicts that the contact angle should vary as a weighted average of the
fractions of hydrophilic and hydrophobic surface groups. However, we observe diﬀerences
in wettability for lying-down monolayers of isomeric diynoic acids that vary only in the
position of the polymerizable diyne group. That is, although the relative fractions of
hydrophilic and hydrophobic functionalities present in the monolayers are the same, the
monolayers wet diﬀerently on the basis of both molecular structure and polymerization
state, suggesting that the location of the diyne plays an important role in determining the
interactions between the solvent and the polar headgroups.
Molecular dynamics simulations and contact angle titrations suggest that
positioning the polymerizable group very near the headgroup decreases headgroup
ordering, thereby increasing interactions with solvents and the environment. Eﬀectively,
this strategy converts a true 2D lying-down phase into a 3D structure in which the
headgroup is slightly elevated from the nonpolar layered material surface. More broadly,
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this suggests a strategy for designing interfaces in which the polymerization step that
stabilizes the monolayer toward solvent also eﬀects a structural change that selectively
promotes interactions with solvents and analytes.

2.5

Experimental Section
Materials. 4-Pentynoic acid (95% purity), 10,12-pentacosadiynoic acid (≥98%),

iodine (99.8%), copper chloride (99.5%), morpholine (99%), potassium hydroxide,
hydroxylamine hydrochloride (98%), ethylamine [70% (v/v) solution in water], sulfuric
acid (95.0−98.0%), sodium thiosulfate, sodium bicarbonate, and sodium sulfate were all
purchased from Sigma-Aldrich (St. Louis, MO) and used as received. 1-Eicosyne (95%)
was purchased from GFS Chemicals (Powell, OH) and used as received. Methanol, diethyl
ether (anhydrous), hexanes, heptane (99.0%), and toluene were purchased from Fisher
Scientific (Hampton, NH) and used as received. Silica gel was purchased from MachereyNagel (Bethlehem, PA) and used as received. Fluka buﬀer solutions with unit pH values of
2−13 were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. AFM
probes, type HQ:NSC18/AL BS, were purchased from Mikromasch (Watsonville, CA).
Highly oriented pyrolytic graphite (HOPG) substrates, grade ZYB, were purchased from
SPI Supplies (West Chester, PA). Milli-Q water (≥18.2 MΩ cm resistivity) was used in all
experiments.
Instrumentation. 1H NMR spectra were acquired using an INOVA Varian 300 MHz
with a Varian 5 mm 4-nucleus/BB Z-gradient probe. All atomic force microscopy images
were acquired by utilizing a Veeco multimode AFM with NanoScope V controller (Veeco
Instruments Inc., Plainview, NY) or an Asylum Cypher ES AFM (Oxford Instruments,
Santa Barbara, CA). Self-assembled monolayers of diacetylene-functionalized fatty acids
were prepared on a KSV-NIMA Langmuir−Blodgett trough (Biolin Scientific, Stockholm,
Sweden). Contact angle titration experiments were carried out by utilizing an Attension
Theta optical tensiometer (Biolin Scientific, Espoo, Finland).
Procedure for the Synthesis of 1-Iodo-1-eicosyne. Synthesis was carried out using
a modification of previously published procedures,35 described briefly here. In a typical
reaction, a solution of morpholine (44 mmol) in toluene (34.8 mL) was treated with iodine
(6.16 mmol), shielded from light, and stirred for 1 h at 45 °C. A solution of 1-eicosyne (4.4
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mmol) in toluene (3.48 mL) was then added and the reaction mixture stirred continuously
at 45 °C for 1 h. The reaction mixture was cooled to room temperature and filtered to
remove the iodomorpholine salt. The filtrate was poured over a mixture of diethyl ether
(50 mL) and a saturated aqueous solution of Na2S2O3 (50 mL) and shaken until the organic
layer was colorless. The organic layer was separated, washed again with a saturated
aqueous solution of Na2S2O3 (50 mL), dried over anhydrous Na2SO4, filtered, concentrated,
and purified via column chromatography, with a solvent system of 100% hexane as an
eluent, to aﬀord 1-iodo-1-eicosyne as a colorless oil (typical yield ∼70%).
Procedure for the Synthesis of 4,6-Pentacosadiynoic Acid. The synthesis was
carried out using a modification of a published procedure,36,37 described briefly here. 4Pentynoic acid (345 mg) was dissolved in a 1 M KOH solution (6 mL), and methanol (10
mL), hydroxylamine hydrochloride (23 mg), and a solution of CuI (82 mg) dissolved in a
70% (v/v) solution of ethylamine in water (10 mL) were added. The reaction was then
cooled to −78 °C. A solution of 1-iodoeicosyne (1.35 g) dissolved in THF (10 mL) was
then added dropwise, causing a precipitate to form. The reaction was allowed to warm to
room temperature and run for 24 h. If the solution turned blue, additional aliquots of
hydroxylamine hydrochloride were added to the reaction. The reaction was quenched by
the addition of a 10% aqueous solution of sulfuric acid. Crude product was extracted with
diethyl ether (3 × 50 mL) and then washed with water (3 × 50 mL) and brine (3 × 50 mL).
The organic layer was dried over anhydrous Na2SO4 and filtered, and the ether was
removed by rotary evaporation. The crude product was purified by recrystallization from
heptane to yield a fatty acid with an internal diyne, as a white solid (typical yield ∼30%)
Diynoic Acid Monolayer Preparation. Self-assembled monolayers of diacetylenefunctionalized fatty acids were prepared via Langmuir−Schaefer (LS) transfer on a KSVNIMA Langmuir− Blodgett trough. LS transfer of fatty acids was carried out by spreading
12 μL of 0.75 mg/mL 4,6- or 10,12-PCDA in CHCl3 on a subphase of 18.2 MΩ cm H2O at
30 °C. After the small amount of CHCl3 used for fatty acid transfer was allowed to
evaporate, trough barriers were swept inward (3 mm/min each barrier) to adjust the surface
pressure. When the surface pressure reached the required dipping condition (30 Å2/
molecule), an automated dipper attachment on the LB trough was utilized to lower a freshly
cleaved HOPG substrate onto the subphase (dip rate = 2 mm/min) with the cleaved surface
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facing down. After 4 min in contact with the liquid interface, the HOPG was gently lifted
out of contact with the liquid using the automated dipper. Samples were photopolymerized
by irradiating for 1 h under a 254-nm 8-W UV lamp with approximately 4 cm between the
lamp and the sample surface.
Contact Angle Titrations. Contact angle titrations were performed using an
Attension Theta optical tensiometer (Biolin Scientific, Espoo, Finland). Buﬀers with 20
mM buﬀering capacity at pH values from 2 to 13 were utilized. For each measurement, a
3 μL droplet of a buﬀer solution was applied to the functionalized HOPG substrate. The
tensiometer recorded images at video rates as each droplet was applied to the surface (for
the advancing angle measurement) and as liquid was slowly withdrawn from the droplet
using a 32-gauge needle until the solvent front receded (for the receding angle
measurement). Images were then analyzed using the OneAttension software package, in
sessile droplet mode, based on the Young−Laplace equation. Each contact angle graphed
in the paper represents the average of 9−27 data points (typically three points measured on
each of at least three diﬀerent samples). Typically, it was possible to acquire nine
measurements in a grid across each 1 × 1 cm2 sample.
Molecular Modeling. Software packages Maestro and Macro-model (Schrödinger,
Cambridge, MA) were used, respectively, to visualize the structures of fatty acids on
graphene and to perform force field minimizations and molecular dynamics simulations.
All models were simulated using the OPLS_2005 force field, with no solvent file and
extended cutoﬀs for van der Waals, electrostatic, and hydrogen-bonding interactions.
Minimizations were performed using the Polak− Ribiere conjugate gradient (PRCG)
algorithm and gradient method with 50 000 runs and a convergence threshold of 0.05. Most
minimizations converged in less than 10 000 runs. For all calculations, atoms in the
graphene sheets were frozen, in order to more closely mimic the structure of HOPG. Thus,
while they contributed to the forces present in the system, their positions did not change in
response to conformational changes of the adsorbed fatty acids. For models demonstrating
ionized head groups, simulations were performed either in explicit water or in vacuum as
described in the text.
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ANOMALOUS WETTING OF NONCOVALENTLY
FUNCTIONALIZED 2D MATERIALS BASED ON
POLYMERIZATION-INDUCED CONFORMATIONAL
CHANGES

3.1

Abstract
Integrating functionalized 2D materials into device architectures increasingly

requires controlling properties of noncovalently adsorbed ligand layers under conditions
such as solvent exposure and thermal processing that induce disorder. Recently, we have
shown that in polymerized lying down phases of functional alkanes standardly used for
noncovalent functionalization, headgroup dynamics play a significant role in interfacial
wetting. Here, we show that related but mechanistically very different conformational
control can be levied on the hydrophobic alkyl tails. Specifically, we find that
monolayers of 10,12- and 8,10-diynoic acids with 10-carbon terminal alkyl chain
segments become more hydrophobic during polymerization; in contrast, diynoic acids
with 6, 8, or 12-carbon terminal segments become more hydrophilic when polymerized.
Based on molecular modeling and previous theoretical work, we postulate that this
difference arises due to alkyl chain ruffling as the ene-yne polymer backbone transitions
from a raised conformation (for terminal chain segments > 10 carbons) to an in-plane
conformation (for terminal chain segments < 10 carbons). Remarkably, the increase in
advancing contact angle due to the 10-carbon terminal section is comparable in
magnitude to the decrease in advancing contact angle achieved by ionizing all the
carboxylic acid groups in the monolayer. Thus, polymerization enables selective
amplification of the chemistry of both polar headgroups and nonpolar tails in noncovalent
functionalization of 2D materials, by inducing and controlling disordering in a nominally
2D monolayer.

3.2

Introduction
As 2D materials are integrated into hybrid materials and device architectures,

understanding and controlling surface chemistry in a range of processing environments
becomes increasingly important.1-7 Layered materials such as graphene are frequently
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functionalized noncovalently to preserve extended electronic conjugation; to maximize
stability in such approaches, noncovalent ligand chemistries are commonly chosen to
maximize interfacial ordering. However, the noncovalent molecule‒substrate interaction
also opens the door to useful ligand dynamics and structures8 very different than those
observed in other classes of monolayers (e.g. tightly packed standing phases of
alkanethiols on metals). Here, we demonstrate that dynamic restructuring during
polymerization of diynoic acid lamellar phases selectively increases the hydrophobicity
of the alkyl tails for terminal alkyl segments 10 carbons in length. This surprising finding
points to a useful design principle for controlling interactions with the environment, in
noncovalent functionalization of 2D materials.
Long-chain functional alkanes such as 10,12-pentacosadiynoic acid (10,12PCDA, Figure 1) have been widely used in noncovalent functionalization. Lamellar
phases9 self-assemble on highly ordered pyrolytic graphite (HOPG),10 with alkyl chains
oriented along the <1120> lattice vector of the HOPG.11 Adjacent molecular rows adopt a
head-to-head orientation; hydrogen bonded dimers between rows increase monolayer
stability (Figure 1, top right). Ordered diynes undergo topochemical photopolymerization
when exposed to UV radiation,12-13 forming a conjugated ene-yne polymer backbone
(Figure 1, bottom).14-16 The polymer can function as a molecular wire; recent studies
have also shown that polymerized monolayers can be robust toward the addition and
removal of solvents.4-17

Figure 3.1 Structural differences in polymerized monolayers of diynoic acids: 10,12HCDA (left), 10,12-TCDA (center), and 10,12-PCDA (right), based on terminal chain
length (n).
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Recently, we have demonstrated that polymerization of 4,6-PCDA produces a
monolayer that is substantially more hydrophilic than polymerized 10,12-PCDA, in spite
of the fact that the two molecules are isomeric and contain the same fraction of hydrophilic
and hydrophobic chemistry.8 In monolayers of 4,6-PCDA, the very short alkyl chain
segment proximal to the COOH appears to disorder during polymerization, making the
COOH groups more accessible to solvent.
Here, we examine the results of instead shortening the terminal chain segment,
finding an unexpected trend in the wetting behavior — that diynoic acid monolayers with
a 10-carbon terminal chain segment become more hydrophobic during polymerization,
while those with 8- or 12-carbon terminal segments become more hydrophilic.
Interestingly, this anomalous wetting behavior occurs in a chain length regime that theory
predicts to lie on the cusp of a transition between the formation of in-plane (Figure 1, lower
left) vs raised (Figure 1, lower right) ene-yne polymer backbones. Based on a combination
of theory and experiment, we suggest that the increase in contact angle may occur due to
frequent transitions between the two allowed polymer conformations along the backbone.
Such behavior could roughen the aligned alkyl chains, in comparison to an all-lifted or allin-plane conformation, producing the experimentally observed behavior.
Noncovalent modification of 2D materials has frequently been carried out with the
goal of maximizing order to maximize stability. However, the polymerization-induced
alkyl chain roughening demonstrated here adds a useful new degree of control to the design
of noncovalently functionalize 2D material interfaces. In combination with our previous
findings that structurally controlled headgroup disordering can be used to increase
interfacial hydrophilicity, controlled disordering forms a foundation for controlling
interactions between a layered material and its environment to a surprising degree using
structurally simple building blocks.

3.3

Results and Discussion
Synthesis of 10,12-diynoic acids. To test effects of terminal chain length on

wetting of diynoic acid monolayers, a series of dynoic acids were prepared by coupling
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terminal iodoalkynes to ω-alkynyl carboxylic acids under Cadiot-Chodkewicz18 crosscoupling conditions (Scheme 1). Protocols are described in the experimental methods.

Scheme 3.1 Synthesis of 10,12- and 8,10-diynoic acids.

Contact angle titrations of diynoic acid monolayers on HOPG. Diynoic acids were
assembled on HOPG via Langmuir-Schaefer conversion;4,19-21 surface coverage was
confirmed by scanning electron microscopy (SEM). 20-21
Contact angle titrations22-23 were used to characterize the wettability of
monolayers assembled from each diynoic acid, across the pH range from 2 to 13 (Figure
2). As we have observed previously for polymerized monolayers of 10,12-PCDA,4,8
contact angles decrease for aqueous buffer droplets with higher pH, as carboxylic acids
are ionized to carboxylates and the surface becomes more hydrophilic. Intuition would
predict that monolayers composed of molecules with shorter hydrophobic alkyl chains
would be more hydrophilic than those with longer chains, due to the increased fraction of
hydrophilic surface chemistry. This expectation is borne out by the receding angle curves
for 10,12-PCDA (blue traces in Figure 2), 10,12-heneicosadiynoic acid (10,12-HCDA,
yellow), and 10,12-nonadecadiynoic acid (10,12-NDDA, green). However, we
consistently observed that polymerized monolayers of 23-carbon 10,12-tricosadiynoic
acid (10,12-TCDA, red) were substantially more hydrophobic than those of the other
diynoic acids in the series. Differences were most pronounced at low pH values, at which
carboxylic acid headgroups would be neutral, with ~10° increases in both advancing and
receding contact angles for 10,12-TCDA compared
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Figure 3.2 Contact angle titration curves for 10,12-PCDA (blue), 10,12-TCDA (red),
10,12-HCDA (orange), and 10,12-NDDA (green). Difference between pre- and postpolymerization contact angles in advancing (top right) and receding (bottom right)
measurements.

with both 10,12-PCDA and 10,12-HCDA. Comparisons with contact angle titrations of
unpolymerized monolayers reveal that this difference emerges during polymerization —
while pre-polymerization contact angles are similar for the four molecules, upon
polymerization, contact angles for monolayers of 10,12-PCDA, -HCDA, and -NDDA
decrease, while contact angles for 10,12-TCDA increase (Figure 2, top right).
Structural modifications to control polymerization-induced hydrophobicity. To
test whether polymerization-induced hydrophobicity was associated specifically with the
10-carbon terminal chain segment, we synthesized two additional polymerizable
amphiphiles: 8,10-TCDA and 8,10-HCDA. If the greater hydrophobicity of 10,12-TCDA
monolayers stemmed from terminal chain segment length, then 8,10-TCDA, with a 12-
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carbon terminal segment, should instead become more hydrophilic upon polymerization.
Figure 3 shows contact angle titrations for 8,10-TCDA (red traces); the surface becomes
more hydrophilic upon polymerization, as predicted (red markers below dashed line in
top right panel), bringing the surface wettability in line with other chains in the series
(left panel).
Conversely, 8,10-HCDA, which has a 10-carbon terminal chain segment,
becomes more hydrophobic when polymerized (Figure 3, yellow markers above dashed
line in top right panel). In comparison with 10,12-TCDA, which also exhibits
polymerization-induced hydrophobicity, contact angles for 8,10-HCDA are somewhat
lower. A number of factors may contribute to this observation. For instance, the shorter
overall chain length decreases the fraction of hydrophobic surface coverage, leading to
slightly lower contact angles predicted by the Cassie and Young-Dupré equations (see
Supporting Information). Additionally, our previous work with diynoic acids suggests
that shorter proximal chain segments are associated with an increased propensity for
breaking dimers between carboxylic acid headgroups during polymerization,24 which
would also be expected to result in lower contact angles for 8,10-HCDA, as observed.
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Figure 3.3 Contact angle titration curves for 10,12-PCDA (blue), 8,10-TCDA (red),
8,10-HCDA (orange), and 10,12-NDDA (green). Difference between pre- and postpolymerization contact angles in advancing (top right) and receding (bottom right)
measurements.

A mechanistic explanation for the chain-length dependence of surface wetting.
Previously, we have observed that in films with short proximal chain segments,
disordering of headgroups amplifies their hydrophilicity.24 Thus, it is reasonable to
expect that changes in tailgroup ordering might amplify the hydrophobicity of the alkyl
chain segments on the surface. However, because monolayer stability typically increases
with chain length,25 the fact that these effects would be most pronounced for a specific,
relatively long terminal segment was surprising. Therefore, we examined possible
structural explanations that might account for the specific chain-length dependence.
In unpolymerized monolayers of diynoic acids, alkyl chains align parallel with the
<1120> lattice direction of the HOPG.9-10 Upon polymerization, rehybridization of the
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diyne to form the ene-yne polymer backbone is understood to cause one of two
conformational changes: (1) The polymer backbone and two adjacent methylene groups
lift ~1.4 Å from the HOPG, enabling the alkyl chains to maintain epitaxy with the HOPG.
(2) The polymer backbone remains in-plane, and the alkyl chains tilt relative to the
lamellar axis. Theory predicts that the in-plane configuration is slightly favored, but for
long alkyl chain segments (≥8C), steric clashes can prevent rotation of the alkyl chains
during oligomerization, trapping the raised backbone.26
A large body of literature supports formation of a lifted backbone for 10,12PCDA (Figure 5, bottom), which has both strong headgroup interactions between
adjacent rows, and a 12-carbon terminal segment. Conversely, the shorter terminal chain
segments in molecules such as 10,12-NDDA (6 carbons) would be predicted to form the
in-plane backbone. A plausible explanation for the increased hydrophobicity of 10,12TCDA (Figure 5, center) could involve either the formation of both raised and in-plane
backbones, or differences in alkyl chain orientation.

Figure 3.4 Structural illustration of postulated difference in oligomerized diyne
conformations based on terminal chain lengths.

Because formation of the in-plane backbone requires motion of the COOH
headgroups, we examined polymerization under conditions that might promote or inhibit
headgroup motion. In particular, we compared polymerization in water (which would be
predicted to facilitate headgroup motion and increase monolayer disorder) and in
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solutions of 5 mM MgCl2 (predicted to increase the strength of interaction between
COOH dimers).
A twisted ene-yne polymer backbone would be consistent with structures associated
with thermochromic phase transitions in solid-state diacetylenes including 10,12-PCDA.
Most well-ordered diynes in both 3D crystals and Langmuir films initially polymerize to
form a structure in which the polymer backbone geometry is governed by lateral packing
interactions between molecules. In general, this produces a polymer backbone with
extended electronic conjugation, which absorbs at long wavelengths (λmax ~640 nm) and
appears blue in transmission.27 However, the extended conjugation geometry accrues
substantial mechanical strain along the backbone, to accommodate lateral interactions in
the pendant sections of the molecule. For such structures, heating above a thermochromic
phase transition temperature (typically ~350 K for 10,12-PCDA)28 causes a transition in
which the polymer backbone twists, producing shorter conjugations lengths (λabs,max ~500
nm), and a material that appears red in transmission. Formation of the contorted red form
is also associated with a dramatic increase in fluorescence emission (typical λem,max ~650
nm).28
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Figure 3.5 AFM of diynoic acid monolayers photopolymerized under various conditions.

Molecular dynamics simulations of impact of terminal chain length on triene
conformational preference. Molecular dynamics simulations (Figure 5) were used to
examine the energy difference between in-plane and lifted configurations for the tri-ene
structure of each molecule tested experimentally, when surrounded by a close-packed
monolayer of diynes. Reasoning that the conformational preference for in-plane or lifted
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backbones is likely to be set early in the reaction process, we examined this conformational
difference as a metric of the likely conformational path later in the polymerization process.
Modeling the diradical directly was not feasible, so the positions of the two radicals were
terminated with hydrogen atoms.
In line with experimental predictions, we also observe differences in rotation of
chain segments with respect to the lamella axis for shorter terminal chain segments. Figure
5 shows the differences in chain orientation for oligomers of 10,12-NDDA vs 10,12-PCDA.
Alkyl chain segments for NDDA rotate to angles of 19° and 17° relative to the lamellar
axis (similar to angles predicted for optimized geometries in the in-plane polymer), while
the longer terminal segment for 10,12-PCDA rotates less than 3°.

Figure 3.6 Molecular dynamics simulations of structural changes during oligomerization
of monolayers of 10,12-diynes.
3.4

Conclusions
Although noncovalently adsorbed monolayers of most diynoic acids become more

hydrophilic upon polymerization, here we have observed that those with a 10-carbon
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terminal segment can instead become substantially more hydrophobic. Based on a
combination of theory and experiment, we suggest that this is likely to be due to a chainlength-specific transition between raised and in-plane polymer backbones that results in
roughening of the assembled rows of alkyl chains. Taken together with our previous work
demonstrating that shorter proximal chain segments are associated with greater increases
in hydrophilicity during polymerization, these findings provide a complementary approach
to control wettability of noncovalently functionalized 2D materials for applications that
require solution processing.

3.5

Experimental Section
10,12-Pentacosadiynoic acid (≥98%), 10,12-tricosadiynoic acid (≥98%), Jones

reagent (2M in aq. H2SO4), 10-undecynoic acid (95%), 1-tetradecyne (97%) 1-dodecyne
(98%), 1-decyne (98%), 1-octyne (97%), iodine (99.8%), copper chloride (99.5%),
morpholine (99%), potassium hydroxide, hydroxylamine hydrochloride (98%), ethylamine
(70% (v/v) solution in water), sulfuric acid (95.0‒98.0%), sodium thiosulfate, sodium
bicarbonate, and sodium sulfate were all purchased from Sigma Aldrich (St. Louis, MO)
and used as received. Non-8-yn-1-ol was purchased from Oakwood Chemicals (Estill, SC)
and used as received. 1-Eicosyne (95%) was purchased from GFS Chemicals (Powell, OH)
and used as received. Methanol, diethyl ether (anhydrous), hexanes, heptane (99.0%), and
toluene were purchased from Fisher Scientific (Hampton, NH) and used as received. Silica
gel was purchased from Macherey-Nagel (Bethlehem, PA) and used as received. Fluka
buffer solutions with unit pH values of 2‒13 were purchased from Sigma Aldrich (St.
Louis, MO) and used as received. AFM probes, type HQ:NSC18/AL BS, were purchased
from Mikromasch (Watsonville, CA). Highly oriented pyrolytic graphite (HOPG)
substrates, grade ZYB, were purchased from SPI Supplies (West Chester, PA). Milli-Q
water (≥18.2 MΩ • cm resistivity) was used in all experiments.
1

H NMR spectra were acquired using an INOVA Varian 300 MHz with a Varian 5-

mm 4-nucleus/BB Z-gradient probe. All atomic force microscopy images were acquired
utilizing a Veeco multimode AFM with NanoScope V controller (Veeco Instruments Inc.,
Plainview, NY) or an Asylum Cypher ES AFM (Oxford Instruments, Santa Barbara, CA).
Self-assembled monolayers of diacetylene-functionalized fatty acids were prepared on a

42
KSV-NIMA Langmuir Blodgett trough (Biolin Scientific, Stockholm, Sweden). Contact
angle titration experiments were carried out utilizing an Attension Theta optical
tensiometer (Biolin Scientific, Espoo, Finland).
Procedure for synthesis of 1-nonynoic acid. Synthesis was carried out using a
modification of a previously published procedure,29 described briefly here. Non-8-yn-1-ol
(345 mL) was added to a flask and dissolved in acetone (15 mL). The flask was then cooled
to 0 ˚C, at which point 2 M Jones reagent was added (2 mL). The reaction was monitored
by TLC until no more starting material was present. The reaction mixture was washed with
brine, dried over anhydrous Na2SO4, and run through a silica plug; solvent was then
removed to afford 1-nonynoic acid as a white solid (typical yield ~100%).
General procedure for synthesis of 1-iodo-1-alkynes. The synthesis was carried out
using a modification of previously published procedures,30 described briefly here. In a
typical reaction, a solution of morpholine (44 mmol) in toluene (34.8 mL) was treated with
iodine (6.16 mmol), shielded from light and stirred for an hour at 45 °C. A solution of 1alkyne (4.4 mmol) in toluene (3.48 mL) was then added and the reaction mixture stirred
continuously at 45 °C for 1 hour. The reaction mixture was cooled to room temperature
and filtered to remove the iodomorpholine salt. The filtrate was poured over a mixture of
diethyl ether (50 mL) and a saturated aqueous solution of Na2S2O3 (50 mL) and shaken
until the organic layer was colorless. The organic layer was separated, washed again with
a saturated aqueous solution of Na2S2O3 (50 mL), dried over anhydrous Na2SO4, filtered,
concentrated, and purified via column chromatography, with a solvent system of 100%
hexane as an eluent, to afford a 1-iodo-1-alkyne as a colorless oil (typical yield ~70%).
General procedure for synthesis of diynoic acids. Synthesis was carried out using a
modification of published procedure,31-32 described briefly here. An alkynoic acid (345 mg)
was dissolved in a 1 M KOH solution (6 mL). Methanol (10 mL), hydroxylamine
hydrochloride (23 mg), and a solution of CuI (82 mg) dissolved in a 70% (v/v) solution of
ethylamine in water (10 mL). The reaction was then cooled to 0 ˚C. A solution of 1-iodo1-alkyne (1.35 g) dissolved in THF (10 mL) was then added dropwise, causing a precipitate
to form. The reaction was allowed to warm to room temperature and run for 24 hours. If
the solution turned blue, additional aliquots of hydroxylamine hydrochloride were added
to the reaction. The reaction was quenched by the addition of a 10% aqueous solution of
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sulfuric acid. Crude product was extracted with diethyl ether (3 × 50 mL) and then washed
with water (3 × 50 mL) and brine (3 × 50 mL). The organic layer was dried over anhydrous
Na2SO4, filtered, and the ether was removed by rotary evaporator. The crude product was
purified by recrystallization from heptane to yield a fatty acid with an internal diyne, as a
white solid (typical yield ~30%)
Self-assembled monolayers of diacetylene-functionalized fatty acids were prepared
via Langmuir-Schaefer (LS) transfer on a KSV-NIMA Langmuir-Blodgett trough. LS
transfer of fatty acids was carried out by spreading 12 µL of 0.75 mg/mL 4,6- or 10,12PCDA in CHCl3 on a subphase of 18.2 MΩ • cm H2O at 30˚C. After the small amount of
CHCl3 used for fatty acid transfer was allowed to evaporate, trough barriers were swept
inward (3 mm/min each barrier) to adjust the surface pressure. When the surface pressure
reached the required dipping condition (30 Å2/molecule), an automated dipper attachment
on the LB trough was utilized to lower a freshly cleaved HOPG substrate onto the subphase
(dip rate = 2 mm/min) with the cleaved surface facing down. After 4 min in contact with
the liquid interface, the HOPG was gently lifted out of contact with the liquid using the
automated dipper. Samples were photopolymerized by irradiating for 1 hr under a 254-nm
8-W UV lamp with approximately 4 cm between the lamp and the sample surface.
Contact angle titrations were performed using an Attension Theta optical
tensiometer (Biolin Scientific, Espoo, Finland). Buffers with 20 mM buffering capacity at
pH values from 2 to 13 were utilized. For each measurement, a 3 µL droplet of a buffer
solution was applied to the functionalized HOPG substrate. The tensiometer recorded
images at video rates as each droplet was applied to the surface (for the advancing angle
measurement), and as liquid was slowly withdrawn from the droplet using a 32-gauge
needle until the solvent front receded (for the receding angle measurement). Images were
then analyzed using the OneAttension software package, in sessile droplet mode, based on
the Young-Laplace equation. Each contact angle graphed in the paper represents the
average of 9‒27 data points (at least three points measured on each of three different
samples). Typically, it was possible to acquire nine measurements in a grid across each 1
cm × 1 cm sample.
Software packages Maestro and Macromodel (Schrödinger, Cambridge, MA) were
used, respectively, to visualize the structures of fatty acids on graphene and to perform
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force field minimizations and molecular dynamics simulations. All models were simulated
using the OPLS_2005 force field, with no solvent file and extended cutoffs for van der
Waals, electrostatic, and hydrogen-bonding interactions. Minimizations were performed
using the Polak-Ribiere conjugate gradient (PRCG) algorithm and gradient method with
50 000 runs and a convergence threshold of 0.05. Most minimizations converged in less
than 10 000 runs. For all calculations, atoms in the graphene sheets were frozen, in order
to more closely mimic the structure of HOPG. Thus, while they contributed to the forces
present in the system, their positions did not change in response to conformational changes
of the adsorbed fatty acids. For models demonstrating ionized head groups, simulations
were performed either in explicit water or in vacuum as described in the manuscript.

3.6

References

1.

Mann, J. A.; Dichtel, W. R., Noncovalent Functionalization of Graphene by
Molecular and Polymeric Adsorbates. J. Phys. Chem. Lett. 2013, 4, 2649-2657.

2.

MacLeod, J. M.; Rosei, F., Molecular Self-Assembly on Graphene. Small 2014, 10,
1038-1049.

3.

Russell, S. R.; Claridge, S. A., Peptide Interfaces with Graphene: An Emerging
Intersection of Analytical Chemistry, Theory, and Materials. Anal. Bioanal. Chem.
2016, 408, 2649-2658.

4.

Bang, J. J.; Rupp, K. K.; Russell, S. R.; Choong, S. W.; Claridge, S. A., Sitting
Phases of Polymerizable Amphiphiles for Controlled Functionalization of Layered
Materials. J. Am. Chem. Soc. 2016, 138, 4448-4457.

5.

Li, B.; Klekachev, A. V.; Cantoro, M.; Huyghebaert, C.; Stesmans, A.; Asselberghs,
I.; De Gendt, S.; De Feyter, S., Toward Tunable Doping in Graphene FETs by
Molecular Self-Assembled Monolayers. Nanoscale 2013, 5, 9640-9644.

6.

Cui, D.; MacLeod, J. M.; Ebrahimi, M.; Perepichka, D. F.; Rosei, F., Solution and
Air Stable Host/Guest Architectures from a Single Layer Covalent Organic
Framework. Chem. Comm. 2015, 51, 16510-16513.

7.

Tahara, K.; Katayama, K.; Blunt, M. O.; Iritani, K.; De Feyter, S.; Tobe, Y.,
Functionalized Surface-Confined Pores: Guest Binding Directed by Lateral
Noncovalent Interactions at the Solid-Liquid Interface. ACS Nano 2014, 8, 86838694.

8.

Villarreal, T. A.; Russell, S. R.; Bang, J. J.; Patterson, J. K.; Claridge, S. A.,
Modulating Wettability of Layered Materials by Controlling Ligand Polar
Headgroup Dynamics. J. Am. Chem. Soc. 2017, 139, 11973-11979.

45
9.

Okawa, Y.; Akai-Kasaya, M.; Kuwahara, Y.; Mandal, S. K.; Aono, M., Controlled
Chain Polymerisation and Chemical Soldering for Single-Molecule Electronics.
Nanoscale 2012, 4, 3013-3028.

10.

Okawa, Y.; Aono, M., Linear Chain Polymerization Initiated by a Scanning
Tunneling Microscope Tip at Designated Positions. J. Chem. Phys. 2001, 115,
2317-2322.

11.

Giridharagopal, R.; Kelly, K. F., Substrate-Dependent Properties of
Polydiacetylene Nanowires on Graphite and MoS2. ACS Nano 2008, 2, 1571-1580.

12.

Wegner, G., Topochemical Reactions of Monomers with Conjugated Triple
Bonds .3. Solid-State Reactivity of Derivatives of Diphenyldiacetylene. J. Polym.
Sci., Part B: Polym. Lett. 1971, 9, 133-144.

13.

Baughman, R. H., Solid-State Polymerization of Diacetylenes. J. Appl. Phys. 1972,
43, 4362-4370.

14.

Akai-Kasaya, M.; Shimizu, K.; Watanabe, Y.; Saito, A.; Aono, M.; Kuwahara, Y.,
Electronic Structure of a Polydiacetylene Nanowire Fabricated on Highly Ordered
Pyrolytic Graphite. Phys. Rev. Lett. 2003, 91, 255501.

15.

Takami, K.; Kuwahara, Y.; Ishii, T.; Akai-Kasaya, M.; Saito, A.; Aono, M.,
Significant Increase in Conductivity of Polydiacetylene Thin Film Induced by
Iodine Doping. Surf. Sci. 2005, 591, L273-L279.

16.

Okawa, Y.; Mandal, S. K.; Hu, C.; Tateyama, Y.; Goedecker, S.; Tsukamoto, S.;
Hasegawa, T.; Gimzewski, J. K.; Aono, M., Chemical Wiring and Soldering toward
All-Molecule Electronic Circuitry. J. Am. Chem. Soc. 2011, 133, 8227-8233.

17.

Choong, S. W.; Russell, S. R.; Bang, J. J.; Patterson, J. K.; Claridge, S. A., Sitting
Phase Monolayers of Polymerizable Amphiphiles Create Molecular-Scale Wetting
Anisotropy on Layered Materials. ACS Appl. Mater. Interf. 2017, 9, 19326-19334.

18.

Cadiot, P.; Chodkiewica, W., In Chemistry of Acetylenes, Viehe, H. G., Ed. Marcel
Dekker: New York, 1969; pp 597-647.

19.

Langmuir, I.; Schaefer, V. J., Activities of Urease and Pepsin Monolayers. J. Am.
Chem. Soc. 1938, 60, 1351-1360.

20.

Davis, T. C.; Bang, J. J.; Brooks, J. T.; McMillan, D. G.; Claridge, S. A.,
Hierarchical Noncovalent Functionalization of 2D Materials by Controlled
Langmuir-Schaefer Conversion. Langmuir 2018, 34, 1353-1362.

21.

Bang, J. J.; Porter, A. G.; Davis, T. C.; Hayes, T. R.; Claridge, S. A., Spatially
Controlled Noncovalent Functionalization of 2D Materials Based on Molecular
Architecture Langmuir 2018, ASAP. DOI: 10.1021/acs.langmuir.8b00553.

22.

Bain, C. D.; Whitesides, G. M., A Study by Contact-Angle of the Acid-Base
Behavior of Monolayers Containing Omega-Mercaptocarboxylic Acids Adsorbed
on Gold - an Example of Reactive Spreading. Langmuir 1989, 5, 1370-1378.

46
23.

Lee, T. R.; Carey, R. I.; Biebuyck, H. A.; Whitesides, G. M., The Wetting of
Monolayer Films Exposing Ionizable Acids and Bases. Langmuir 1994, 10, 741749.

24.

Villarreal, T. A.; Russell, S. R.; Bang, J. J.; Claridge, S. A., Modulating Wettability
of Layered Materials Using Polar Ligand Headgroup Dynamics. submitted 2017.

25.

Srisombat, L.; Jamison, A. C.; Lee, T. R., Stability: A Key Issue for SelfAssembled Monolayers on Gold as Thin-Film Coatings and Nanoparticle
Protectants. Colloid Surf. A-Physicochem. Eng. Asp. 2011, 390, 1-19.

26.

Okawa, Y.; Takajo, D.; Tsukamoto, S.; Hasegawa, T.; Aono, M., Atomic Force
Microscopy and Theoretical Investigation of the Lifted-up Conformation of
Polydiacetylene on a Graphite Substrate. Soft Matt. 2008, 4, 1041-1047.

27.

Jelinek, R.; Rigenberg, M., Polydiacetylenes - Recent Molecular Advances and
Applications. RSC Adv. 2013, 3, 21192-21201.

28.

Carpick, R. W.; Sasaki, D. Y.; Marcus, M. S.; Eriksson, M. A.; Burns, A. R.,
Polydiacetylene Films: A Review of Recent Investigations into Chromogenic
Transitions and Nanomechanical Properties. J. Phys. Cond. Matt. 2004, 16, R679R697.

29.

Morcillo, S. P.; de Cienvuegos, L. A.; Mota, A. J.; Justica, J.; Robles, R., Mild
Method for the Selective Esterification of Carboxylic Acids Based on the GareggSamuelsson Reaction. J. Org. Chem. 2011, 76, 2277-2281.

30.

Phollookin, C.; Wacharasindhu, S.; Ajavakom, A.; Tumcharern, G.; Ampornpun,
S.; Eaidkong, T.; Sukwattanasinitt, M., Tuning Down of Color Transition
Temperature of Thermochromically Reversible Bisdiynamide Polydiacetylenes.
Macromolecules 2010, 43, 7540-7548.

31.

Mowery, M. D.; Evans, C. E., The Synthesis of Conjugated Diacetylene Monomers
for the Fabrication of Polymerized Monolayer Assemblies. Tetrahedron Lett. 1997,
38, 11-14.

32.

van den Heuvel, M.; Lowik, D.; van Hest, J. C. M., Effect of the Diacetylene
Position on the Chromatic Properties of Polydiacetylenes from Self-Assembled
Peptide Amphiphiles. Biomacromol. 2010, 11, 1676-1683.

47

ORDERING OF IRON OXIDE NANOPARTICLES
INTO 6 NM REPEATING STRIPES VIA CHELATION BY
CATECHOL MODIFIED DIYNE PHOSPHOLIPIDS DEPOSITED
ON HOPG

4.1

Abstract
Nanoparticles have been leveraged in a wide variety of materials science applications,

due to their unique chemical and physical properties. Of particular interest is the iron oxide
species, magnetite, which has been examined for next generation theranostic tools and
computer storage drives. For applications such as high-density memory devices strategies
must be developed to template and order the nanoparticles on substrates with high spatial
resolution. Here we introduce a novel strategy based on modifying diyne phospholipids
with a catechol moiety that can chelate iron oxide species and then assembling the lipids
into stripes of phases with a 6 nm pitch. This strategy potentially enables nanoparticles to
be ordered on a substrate, with a repeating pattern at sub-10 nm resolution.

4.2

Introduction
Nanomaterials have been the subject of significant research in recent years for their

potential in improving device performance in many fields such as engineering,1 computer
processors,2 storage devices,3 theranostics,4 catalytic agents,5 and organic photovoltaics.6
Of note is the development of nanoparticles composed of magnetic iron oxide, particularly
Fe3O4 (magnetite), which forms spherical nanoparticles with approximate domain sizes of
5-20 nm.7 Magnetite particles exhibit unique chemical, physical, and biological
properties,7-10 optimized when the particles are <15 nm in diameter and are in a relatively
low concentration.7, 9 Therefore, being able to control nanoparticle size and ordering on a
substrate becomes important to the incorporation of the nanoparticles into next generation
devices. Because of these requirements, an assembly strategy that can help order and
facilitate binding to a surface is needed.
Catechol moieties strongly chelate iron species, and can act as capping agents for
iron nanoparticles during growth or self-assembly.10-12 Additionally, the action of catechol
has been well studied in vitro in a range of different biological processes (e.g. cell signaling,
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transport pathways, and protein detection).13-15 Due to the biocompatibility of catechol
ligands and their strong interactions with iron oxide, we examined the possibility of
incorporating catechol moieties into

self-assembled bioinspired monolayers on 2D

materials, as a means of controlling assembly of magnetite particles at an interface.
In previous work performed by Claridge et al., it has been demonstrated that when
diynoic phospholipids, such as diyne phosphoethanolamine (diyne PE), can be assembled
into striped phases onto 2D materials (e.g. graphene, molybdenum disulfide (MoS2), and
highly ordered pyrolytic graphite (HOPG)).16 These monolayers assemble with molecules
arranged head to head, creating a pitch of approximately 6 nm between rows of headgroups.
As demonstrated by molecular dynamic simulations, contact angle titrations, and atomic
force microscopy (AFM), the terminal amines in the phospholipid headgroups are lifted
slightly from the substrate, allowing them to interact more readily with the environment
than functional groups that are closer to the substrate. Here, we

modify the terminal

primary amine in diyne PE, attaching a catechol functional group targeting interactions
with iron oxide species, to nucleate or order Fe3O4 nanocrystals in stripes along the
monolayer surface.

4.3

Results and Discussion
We first present a simple strategy to modify a commercially available diynoic

phospholipid, diyne PE, by using the headgroup as a relatively weak nucleophile that can
couple with a molecule that has a catechol moiety (Figure 1). Beginning with 3,4dihydroxybenzoic acid, we attach N-hydroxysuccinimide (NHS) to the carboxylic acid
functional group to form an NHS ester. This process increases electrophilicity of the
carbonyl acid carbon, which now can be attacked by the terminal primary amine in the
headgroup of the diyne PE. We add the phospholipid in the presence of a mild base,
diisopropylethylamine, which deprotonates the terminal primary amine on the
phospholipid, increasing its nucleophilicity. The amine attacks the carboxylic carbon and
the NHS moiety is displaced, forming an amide bond.
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Figure 4.1 Synthetic scheme of the catechol modified phospholipid
After synthesis of the molecule was complete, the next step was to assemble the
new material onto HOPG via Langmuir-Schaefer deposition. As mentioned above, in
previous work by Claridge et al., it has been demonstrated that diyne phospholipids can be
successfully transferred to form striped phases on layered materials.16 Using previously
established conditions,17 the modified phospholipid was deposited onto a 30 ˚C aqueous
subphase in a Langmuir trough at a concentration of 1.0 mg/mL; trough barriers were swept
inward to compress molecules in the Langmuir film to surface pressures higher than 10
mN/m. It has been demonstrated that higher surface coverage of molecules on the layered
material can be achieved under these conditions, which would maximize lamellar coverage
while limiting the transfer of standing phases and disordered aggregates. In order to
compare the effectiveness of the transfer, both the isotherm of the transfer and AFM images
of the substrates post-transfer were compared to those of films prepared from unmodified
diyne PE. As shown in Figure 2a, the isotherm of unmodified diyne PE exhibits a steady
rise in surface pressure, while that of the catechol-modified diyne PE (Figure 2b) exhibits
no further increase in surface pressure beyond 2 mN/m. The two phospholipid species were
then mixed at a 1:1 molar ratio and deposited onto the subphase and a new isotherm was
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produced (Figure 2c), where a higher surface pressure is obtained but the pressure appeared
to level out around 53 mN/m.

Figure 4.2 (a) Isotherm of diyne PE (b) Isotherm of CAT diyne PE (c) Isotherm of mixed
1:1 CAT diyne PE/diyne PE

Upon completion of the LS transfer process, the HOPG substrates functionalized
with monolayers were then placed under UV radiation, to polymerize the diynes, thereby
increasing the overall robustness of the monolayer. Substrates were then imaged via AFM.
The 3 separate transfer conditions were tested to examine differences in structural and
physical properties including transfer efficiency, surface coverage, and lamellar pitch and
topography. The first set of transfer condition used unmodified diyne PE to act as a standard.
The second set used only catechol modified diyne PE; however, initial images did not show
high transfer efficiency. The final set of conditions used a 1:1 molar ratio of unmodified
diyne PE and catechol modified diyne PE. These conditions produced substrates that show
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that both lamellar phases and standing phases are present (Figure 3a, b) consistent with the
modified headgroup altering the molecular assembly on the trough surface, prior to transfer
onto HOPG.

Figure 4.3 (a) Phase AFM image of CAT diyne PE (b) Height profile of CAT diyne PE

Next, we examined routes to form assemblies of iron oxide nanoparticles on
functionalized substrates. Two approaches were compared. The first focused on nucleation
of magnetite nanoparticles in solution and exposure of functionalized substrates to raw
nanoparticle growth solution, so that the catechol functional groups could act as a capping
agent and terminate the growth of the nanoparticles. Initial experiments using the first
technique have not resulted formation of nanoparticles on the surface. In the original
conditions obtained from the literature, the catechol molecules were not adsorbed to a
substrate and the synthesis was performed in solution, under sonication (Figure 4).7 The
procedure was modified by dissolving the iron species in ethanol, in a petri dish on a stir
plate. The pH was adjusted to an approximate value of 8, with ammonium hydroxide. The
HOPG substrate with the CAT diyne PE was then lowered into contact with the surface of
the ethanolic solution and allowed to remain in contact for 1 h. The substrate was then
retracted, rinsed lightly with hexanes, and imaged with AFM. These images only showed
disrupted surface coverage and no Fe3O4 deposited. The second method involved using
commercially available Fe3O4 nanoparticles with mean diameters of approximately 3 nm.
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Figure 4.4 Synthetic scheme for formation of iron oxide nanoparticles

This strategy involved suspending the preformed nanoparticles in ethanol and again
dipping the functionalized substrates into contact with the nanoparticle solution. The initial
time length that the substrate was in contact with the mixture was 5 min; however, this
again produced AFM images that showed only phospholipid molecules on the surface. The
length of time that functionalized substrate was in contact with the solution was increased
to 2 h and the AFM images showed the presence of new features with topographical heights
of approximately ~3 nm consistent with Fe3O4 nanoparticle adsorption (Figure 5a, b).
Further experiments will be needed to optimize adsorption conditions. Additional ideas
that could be considered are as follows: changing the length of time that the substrate is
contact with the reaction mixture, formation of the nanoparticles in solution with the
phospholipid has been deposited onto the substrate, changing the molecular structure of the
phospholipid such as removing the phosphate group, and developing better transfer
conditions of the catechol phospholipid onto HOPG.
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Figure 4.5 (a) Phase image of possible iron oxide nanoparticles on CAT diyne PE. (b)
Height profile of the same material.

4.4

Experimental section

Materials
3,4-Dihydroxybenzoic acid (97.0%), N,N-diisopropylethylamine (99.5%), N-(3dimethylaminopropyl)-N’-ethylcarbodiimide

hydrochloride

(99.0%),

N-

hydroxysuccinimide (98%), iron (III) chloride (97%), iron (II) chloride tetrahydrate
(99.0%), ammonium hydroxide solution (28.0-30.0%) and sodium sulfate were all
purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Methanol, ethanol
(200 proof), N,N-dimethylformamide, and methylene chloride were purchased from Fisher
Scientific (Hampton, NH) and used as received. 1,2-Bis(10,12-tricosadiynoyl)-sn-glycero3-phosphoethanolamine was purchased from Avanti Lipids (Alabaster, AL) and used as
received. Fe3O4 iron oxide nanoparticles/nanopowder (99.9%, 3nm, black) was purchased
from US Research Nanomaterials, Inc (Houston, Tx) and used as received. Silica gel was
purchased from Macherey-Nagel (Bethlehem, PA) and used as received. Fluka buffer
solutions with unit pH values of 2−13 were purchased from Sigma-Aldrich (St. Louis, MO)
and used as received. AFM probes, type HQ:NSC18/AL BS, were purchased from
Mikromasch (Watsonville, CA). Highly oriented pyrolytic graphite (HOPG) substrates,
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grade ZYB, were purchased from SPI Supplies (West Chester, PA). Milli-Q water (≥18.2
MΩ cm resistivity) was used in all experiments.
Instrumentation
1

H NMR spectra were acquired using an INOVA Varian 300 MHz with a Varian 5

mm 4-nucleus/BB Z-gradient probe. All atomic force microscopy images were acquired
by utilizing a Veeco multimode AFM with NanoScope V controller (Veeco Instruments
Inc., Plainview, NY). Self-assembled monolayers of diacetylene-functionalized
phospholipids were prepared on a KSV-NIMA Langmuir−Blodgett trough (Biolin
Scientific, Stockholm, Sweden). Contact angle titration experiments were carried out by
utilizing an Attension Theta optical tensiometer (Biolin Scientific, Espoo, Finland).
Procedure for synthesis of activated 3,4-dihydroxybenzoic acid
Synthesis was carried out using a modification of a previously published
procedure,18 described briefly here. In a typical reaction, a round bottom flask was flamed
dried and flushed with N2 gas. 3,4-dihydroxybenzoic acid (0.100 g) was dissolved in
dimethylformamide (15 mL) and the resulting solution was cooled in an ice bath to 0 ˚C.
N-hydroxysuccinimide (0.470 g), diisopropylethylamine (0.85 mL), and N-(3dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (0.782 g) were added and
allowed to stir for 18 h as the solution temperature slowly rose to room temperature. At the
end of the reaction, the volatile components were removed under reduced pressure and the
residue was dissolved in dimethylformamide (25 mL) and washed with water (2x25 mL)
and then dried over anhydrous sodium sulfate. The solvent was removed by rotary
evaporator and the residue was then purified by flash chromatography on silica (3:17
methanol to methylene chloride) to afford the activated 3,4-dihydroxybenzoic acid as a
yellow powder (typical yield ~55%).
Procedure for the synthesis of catechol modified diyne PE
Synthesis was carried out using a modification of a previously published
procedure,18 described briefly here. In a typical reaction, a round bottom flask was flamed
dried and flushed with N2 gas. Diyne PE (50 mg) was then dissolved in dimethylformamide
(10 mL) and diisopropylethylamine (1.0 mL) and the activated 3,4-dihydroxybenzoic acid
(100 mg) were then added and the reaction mixture was stirred for 36 h. Reaction progress
was monitored by TLC and when the reaction was complete the volatile components were
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removed by rotary evaporator. The resulting residue was then purified by flash
chromatography on silica (1:9 methanol to methylene chloride) to afford the catecholmodified diyne PE as a white powder (typical yield ~20%).
Diynoic Phospholipid Monolayer Preparation.
Self-assembled monolayers of diacetylene-functionalized phospholipids were
prepared via Langmuir−Schaefer (LS) transfer on a KSV-NIMA Langmuir− Blodgett
trough. LS transfer of phospholipids was carried out by spreading 18 μL of 1.0 mg/mL
diyne PE or catechol modified diyne PE in CHCl3 on a subphase of 18.2 MΩ cm H2O at
30 °C. After the small amount of CHCl3 used for phospholipid transfer was allowed to
evaporate, trough barriers were swept inward (3 mm/min each barrier) to adjust the surface
pressure. When the surface pressure reached the required dipping condition (10 mN/m), an
automated dipper attachment on the LB trough was utilized to lower a freshly cleaved
HOPG substrate onto the subphase (dip rate = 2 mm/min) with the cleaved surface facing
down. After 4 min in contact with the liquid interface, the HOPG was gently lifted out of
contact with the liquid using the automated dipper. Samples were photopolymerized by
irradiating for 1 h under a 254-nm 8-W UV lamp with approximately 4 cm between the
lamp and the sample surface.
Preparation of Iron Oxide (Fe3O4) Nanoparticles
Preparation was carried out using a modification of a previously published
procedure,10 described briefly here. To a glass petri dish on a stir plate, FeCl2•4H2O (0.002
g) and FeCl3 (0.0032 g) were dissolved in ethanol (5 mL) and was allowed to stir for 5
minutes. A freshly prepared HOPG substrate with a catechol-modified diyne PE monolayer
on the surface was lowered onto the subphase (dip rate = 2 mm/min), with the monolayer
film side down. The pH was then adjusted to 8 using NH4OH. After 1 h in contact with the
liquid interface, the HOPG was gently lifted out of contact with the liquid using the
automated dipper.
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